ABSTRACT Contarinia nasturtii (Kieffer) (Diptera: Cecidomyiidae), a common insect pest in Europe and a new invasive pest in North America, causes severe damage to cruciferous crops. Currently, many counties in Canada and the United States in which C. nasturtii has not been previously reported are at risk of being infested by C. nasturtii. Effectiveness of chemical control is limited, especially under high population pressure in Þelds, because the cryptic habits of C. nasturtii protect them from insecticidal sprays. Alternative management strategies against C. nasturtii that are needed to protect crucifers and soil management for the pupal stage were studied as one option. Six different types of soils (loam Þne sand, Þne sand, clay loam, muck, Chenango shale loam, and silt loam soil) were collected from commercial cabbage Þelds in New York and studied in the laboratory for their impact on C. nasturtii pupation and emergence. The results indicated that extremely wet or dry soils signiÞcantly hindered C. nasturtii emergence, regardless of soil type, suggesting that soil type alone may not be a major factor regulating C. nasturtii abundance. Optimal moisture content for C. nasturtii emergence varied for different soils. Most C. nasturtii pupated within the top 1 cm of soil. Furthermore, we found that Ͼ5 cm of soil cover effectively reduced the emergence number and delayed the time of emergence. Based on these results, we suggest that soil manipulation (moisture content and cultivation practices) should be considered as an important component in an overall integrated pest management program for C. nasturtii.
. In the United States, C. nasturtii adults were Þrst captured in Niagara County, NY, by pheromone traps in September 2004, and C. nasturtii larvae were also identiÞed at the same time (Kikkert et al. 2006) . At the end of 2005 in New York, C. nasturtii infestations in Erie, Genesee, Monroe, Orleans, and Wyoming Counties were ofÞcially conÞrmed by the United States Department of Agriculture (Chen et al. 2007 ), based on morphological and molecular evidence. However, in 2005 and 2006, our laboratory conÞrmed by molecular analysis (Frey et al. 2004 ) that C. nasturtii was present in 13 more counties in New York (Allegany, Cattaraugus, Chautauqua, Chenango, Franklin, Jefferson, Lewis, Madison, Onondaga, Oswego, St. Lawrence, Suffolk, and Wayne) and 1 each in Massachusetts (Hampshire) and New Jersey (Sussex). It is obvious that this tiny pest is spreading in North America with dramatic speed. The main fresh cruciferous vegetables (broccoli, cabbage, and caulißower) were grown on Ϸ121,400 ha in the United States and had a total value of $1.2 billion in 2003 (USDAÐERS 2005 ). Many of the major cruciferous vegetable growing regions in the United States are suitable C. nasturtii habitats (Ellis 2005) . Olfert et al. (2006) predicted that C. nasturtii could potentially become established in all provinces of Canada and most of the United States based on soil moisture and other indexes. However, C. nasturtii population abundance varies greatly among and within different infested areas. For example, we found that the number of C. nasturti male adults captured per pheromone trap varied from 0 to Ͼ400 per card (120 cm 2 ) in different cabbage Þelds from different farms and counties in the United States (unpublished data).
Soil abiotic factors, such as soil type and moisture content, are well known to have marked impacts on insects that spend part of their life cycles in soil (Macdonald and Ellis 1990 , Pacchioli and Hower 2004 , Shililu et al. 2004 ). For instance, signiÞcant impacts of soil types and moisture contents were found for pupating Bactrocera oleae (Gmel.) (Dimou et al. 2003) and eclosing Delia antiqua (Meigen) (Diptera: Anthomyiidae) (Tanaka and Watari 2003) . Soil type and moisture content may be important factors for successful development of C. nasturtii (Hornig 1953 , Readshaw 1961 and could be important factors regulating the population establishment and abundance of C. nasturtii in different infested areas. Thygesen (1966) studied the emergence of C. nasturtii in different soil types and found emergence was markedly earlier in light sandy soil than in heavy clay. In addition, Readshaw (1966) reported that soil moisture could affect C. nasturtii emergence and even cause dormancy after mature larvae were placed in soil with three to four different moisture levels. Readshaw (1968) suggested that it may be possible to achieve satisfactory control of C. nasturtii by simple cultural procedures, such as burying pupae too deeply in the soil to permit successful emergence. However, no soil manipulation studies have been done to assess the impact of different soil types and moisture levels on C. nasturtii pupation and emergence.
In this paper, we studied the impact of soil types collected from western New York State and different soil moisture levels on C. nasturtii pupation and emergence. Furthermore, we studied emergence patterns at different soil depths to simulate different cultivation practices that may be used for control of C. nasturtii.
Materials and Methods

Insect
Culture. An initial population of C. nasturtii was kindly received from R. Baur from Switzerland (Swiss Federal Research Station for Horticulture, Wädenswil, Switzerland) in 2004 and was subsequently reared in a chamber under quarantine conditions at 22ЊC, RH 75Ð78%, and 16-h L:8-h D. The food plant was caulißower, Brassica oleracea variety botrytis, Snow crown cultivar, with 8 Ð10 true leaves. Caulißower seeds were planted in a 128-cell tray every other week, and 3-wk-old seedlings were transplanted in pairs into pots (13 cm diameter). Two pots of plants were put into 50 by 50 by 50-cm wood-framed cages with netted sides containing Ϸ100 adults, males and females (Ϸ1: 2), for mating and egg laying, and plants were changed daily. The growing tips of the plants were misted with tap water daily after larvae emerged from the eggs. The above ground parts were cut off 15 d after oviposition and placed on the soil to let older larvae pupate and emerge for the next generation.
Soil Type and Moisture Content. The soils were collected from farms in three counties (Niagara, Genesee, and Erie) in New York in 2005, using two different farms per county. The collections represented six different soil types: loamy Þne sand, Þne sand, clay loam, muck, Chenango shale loam, and silt loam (USDA 1972) . At each farm, soil samples were collected from a depth of 0 Ð20 cm. All samples were returned to laboratory and air-dried Ϸ1 mo in a screened house. Dried soil was ground using a pestle and mortar and sifted through a 2-mm sieve (Rowell 1994) . Sifted soil was put into a hot air oven at 105ЊC for 24 h in preparation for making different soil moisture treatments (Ali-Shtayeh et al. 2002) . After dried soil samples were removed from the oven, they were weighed before and after being saturated with distilled water. Moisture content was calculated as follows: moisture content (%) ϭ [weight of distilled water/(weight of saturated soil Ϫ weight of dried soil)] ϫ 100%. Five soil moisture levels (0, 25, 50, 75, and 100%) were made for each soil type and used for the following studies.
Impact of Soil Type and Moisture Content on C. nasturtii Emergence. Fifty C. nasturtii larvae (10 d old after oviposition) were moved with a tiny brush from the insect culture to the growing tip of an uninfested caulißower plant (Ϸ4 wk old after transplanting). The plants were kept in the rearing chamber for 2 d and cut at soil level. The growing tips of the plants were put on top of the different soils with different moisture contents in foam cups (diameter, 6 cm; height, 15 cm), and larvae were allowed to enter the soil to pupate. The cups with caulißower growing tips were individually put into a Plexiglas cylinder cage (diameter, 12 cm; height, 30 cm) with one yellow sticky card (4.5 by 11 cm) and kept in the rearing chamber after being weighed. The container with the soil cup and growing tip was weighed daily. Distilled water was added if there was any weight loss to keep the soil moisture constant until C. nasturtii started to emerge. Each soil type had the Þve different moisture content treatments, and each treatment had four replications. The sticky cards, the soil surface, and the bottom of each cage were checked daily, and the number of C. nasturtii adults emerged from different soil types was recorded until no more C. nasturtii adults emerged for 15 d. The day of Þrst emergence, emergence peak, and duration of emergence of C. nasturtii from different soil types and moisture contents were recorded. Male and female C. nasturtii were sorted and counted with the aid of a stereomicroscope at the end of this experiment. Also, the growing tip with C. nasturtii larvae on the top of each soil cup was checked for any larvae that remained or died in the tip.
Distribution of C. nasturtii Pupae in Different Soils. Based on the results of the experiment above, we found C. nasturtii adults started to emerge from all different soils Ͼ9 d after the growing tip was cut, and 50% moisture content was suitable for C. nasturtii pupation in each soil. Thus, 50% moisture content was used to study the distribution of C. nasturtii pupae in the different soils. Fifty C. nasturtii larvae (10 d after oviposition) were moved from the insect culture to a caulißower plantÕs growing tip, kept in the rearing chamber for 2 d, and cut and put on the soil surface of each cup with four replications. Experimental conditions were the same as above. The soil cup with the growing tip was removed from the cylinder cage 7 d before C. nasturtii were expected to emerge so insects would be in the pupal stage. Subsequently, the soil cup was sliced into 1-cm segments from the top to bottom, and each soil slice was examined under the microscope for C. nasturtii pupae. The growing tip on the top of each soil sample was checked for any larvae that remained or died in the tip.
Impact of Different Depths of Soil on C. nasturtii Emergence. Soil cups with 50% moisture content were prepared as in the distribution experiment described above. Before the soil cup with a growing tip containing 50 C. nasturtii larvae was put into a cylinder cage, 0, 2, 5, 10, or 15 cm of 50% moisture content of the same type of soil was added to the top of each soil cup, respectively. This resulted in C. nasturtii larvae being buried under one of Þve different depths of soil with four replications. One yellow sticky card was placed in each cage and was checked daily as described above.
Statistical Analysis. Proportion of C. nasturtii emergence was calculated as follows: proportion emergence (%) ϭ [number of emergence/(50 Ϫ number of larvae remained or died in growing tip)] ϫ 100. Data on proportions of C. nasturtii emergence and C. nasturtii female adults were transformed by arcsine or arcsine square root to normalize the variance before statistical analysis, but untransformed means are presented. Effects of soil type, moisture content, and/or soil depth on C. nasturtii emergence and female proportion and emergence timing were analyzed by analysis of variance (ANOVA) using the general linear model (GLM) procedure. When a factor had a signiÞcant effect, comparisons were made within the factor using one-way ANOVA and Fisher protected least signiÞcant difference (LSD) means separation test (SPSS version 11.5 for Windows; SPSS, Chicago, IL). Distribution data of C. nasturtii pupae in different soil types were also analyzed by GLM procedure. 
Results
Impact of Soil Type and Moisture Content on C. nasturtii Emergence. Emergence patterns of C. nasturtii were signiÞcantly affected by moisture content (F ϭ 38.511; df ϭ 4,91; P Ͻ 0.001; Table 1 ). Extremes of moisture contents (0 and 100%) signiÞcantly hampered C. nasturtii emergence, regardless of soil type. However, overall soil type (F ϭ 1.682; df ϭ 5,91; P ϭ 0.147) and the interaction of soil type and moisture content (F ϭ 0.540; df ϭ 20,91; P ϭ 0.941) did not signiÞcantly affect C. nasturtii emergence (Table 1) . Optimal moisture content for C. nasturtii emergence was between 25 and 75%, varying with different soils. Impact of soil types on C. nasturtii emergence timing and female proportion was analyzed only for 25, 50, and 75% moisture contents, because of Ͻ6% emergence in the extremes of moisture contents. The day of Þrst emergence of C. nasturtii was signiÞcantly affected by soil type (F ϭ 4.860; df ϭ 5,60; P ϭ 0.001), but not by moisture content (F ϭ 0.444; df ϭ 2,60; P ϭ 0.643) and soil by moisture interaction (F ϭ 0.733; df ϭ 10,60; P ϭ 0.691; Table 2 ). Similarly, emergence peak and duration of emergence were signiÞcantly affected by soil type (F ϭ 8.785; df ϭ 5,60; P Ͻ 0.001 and F ϭ 2.785; df ϭ 5,60; P ϭ 0.026) but not by moisture content (F ϭ 1.100; df ϭ 2,60; P ϭ 0.340 and F ϭ 0.121; df ϭ 2,60; P ϭ 0.886) or soil by moisture interaction (F ϭ 1.127; df ϭ 10,60; P ϭ 0.056 and F ϭ 0.613; df ϭ 10,60; P ϭ 0.797, respectively; Table 2 ). As shown in Table 3 , the proportions of female C. nasturtii emerged from different soil types were signiÞcantly different (F ϭ 2.934; df ϭ 5,60; P ϭ 0.02). However, the female proportion of C. nasturtii was not signiÞcantly affected by moisture content (F ϭ 0.803; df ϭ 2,60; P ϭ 0.453) or soil by moisture interaction (F ϭ 1.610; df ϭ 10,60; P ϭ 0.126; Table 3 ).
Distribution of C. nasturtii Pupae in Different Soils. Soil type did not signiÞcantly affect distribution of pupae (F ϭ 0.970; df ϭ 5,72; P ϭ 0.446; Fig. 1 ). More than 90% of pupae were found in the top 1 cm of soil (F ϭ 1,352.198 ; df ϭ 3,72; P Ͻ 0.001). No C. nasturtii pupae were found in Ͼ4 cm deep soil layers, regardless of soil type (Fig. 1) .
Impact of Different Depths of Soil on C. nasturtii Emergence. Emergence of C. nasturtii was signiÞ-cantly reduced in deeper soil cover treatments (F ϭ 21.372; df ϭ 4,82; P Ͻ 0.001; Table 4 ). However, soil type (F ϭ 1.116; df ϭ 5,82; P ϭ 0.358) and soil by cover interaction (F ϭ 0.936; df ϭ 20,82; P ϭ 0.545) did not signiÞcantly affect C. nasturtii emergence. Soil type (F ϭ 5.582; df ϭ 5,73; P Ͻ 0.001), soil cover (F ϭ 94.091; df ϭ 4,73; P Ͻ 0.001), and soil by cover interaction (F ϭ 4.052; df ϭ 20,73; P Ͻ 0.001) signiÞcantly affected the day of Þrst emergence (Table 5) . Deeper soil cover also signiÞcantly delayed the emergence peak (F ϭ 82.796; df ϭ 4,73; P Ͻ 0.001). The emergence peak of C. nasturtii was also signiÞcantly affected by soil type (F ϭ 2.621; df ϭ 5,73; P ϭ 0.031) and soil by cover 1 . Distribution of C. nasturtii pupae in soil after larvae were allowed to pupate in different soils. interaction (F ϭ 3.920; df ϭ 20,73; P Ͻ 0.001). Similarly, the emergence duration was signiÞcantly affected by soil type (F ϭ 4.057; df ϭ 5,73; P ϭ 0.003), soil cover (F ϭ 24.101; df ϭ 4,73; P Ͻ 0.001), and soil by cover interaction (F ϭ 3.431; df ϭ 20,73; P Ͻ 0.001). The proportion of female C. nasturtii adult emergence was not affected by soil type (F ϭ 1.714; df ϭ 5,58; P ϭ 0.146), soil cover (F ϭ 1.995; df ϭ 4,58; P ϭ 0.107), or soil by cover interaction (F ϭ 0.978; df ϭ 20,58; P ϭ 0.501; Table 6 ).
Discussion
Contarinia nasturtii, a common insect pest in Europe (Frey et al. 2004 ) and a new invasive pest in Canada (Hallett and Heal 2001) and the United States (Kikkert et al. 2006) , causes severe damage to cruciferous crops. Currently, many counties in Canada and the United States in which C. nasturtii has not been previously reported are facing the threat of being infested by C. nasturtii (Olfert et al. 2006) . Chemical insecticides showed promising control against C. nasturtii under laboratory conditions , Chen et al. 2007 ). However, under Þeld conditions in Canada with high C. nasturtii population pressure, no synthetic insecticide, even when applied weekly, was able to control an endemic C. nasturtii population on broccoli (unpublished data). Alternative control methods against C. nasturtii are sorely needed to protect crucifers.
In this study, our results indicated that soil moisture content can signiÞcantly affect C. nasturtii emergence, regardless of soil type. Similarly, Hulthen and Clarke (2006) reported that soil moisture, especially the extremes of soil moisture, was a major pupal mortality factor of Bactrocera tryoni (Froggatt) (Diptera: Tephritidae) pupae in soil, whereas soil type (loamy sand, loam, sandy clay) had minor impact on pupal mortality. However, why extremes of soil moisture contents can effectively hamper C. nasturtii emergence is unclear. Readshaw (1966) reported that C. nasturtii larvae could remain quiescent (dormant) and construct spherical cocoons when entering dry sandy loam (8Ð15% moisture content) and peaty clay soil (Ϸ43% moisture content) until the soils were thoroughly wetted. However, after C. nasturtii larvae in plant material were placed on top of the dry soil in our study, we observed that C. nasturtii larvae could still enter the soil but wrapped themselves with dry soil particles and became immobilized, instead Days to Þrst Loamy Þne sand 11.4 Ϯ 0.4 aC 12.7 Ϯ 0.3 abBC 11 Ϯ 0.6 cdC 13.5 Ϯ 2.5 bcB 18.5 Ϯ 0.5 cA emergence of burrowing into the soil, and died on top of the soil. Similarly, Ellis et al. (2004) found that Aethina tumida (Murray) (Coleoptera: Nitidulidae) larvae could not burrow into dry packed soils to pupate. Thus, we infer that no C. nasturtii emergence from the dry soils occurred because of larval or pupal death instead of a quiescent period. Further study is needed to explain why saturated soils also effectively reduced C. nasturtii emergence. Soil types did not signiÞcantly affect C. nasturtii emergence proportions instead of emergence timing in this study, indicating that soil type may not be a major factor for variations in abundance of C. nasturtii population in different areas in North America.
Proportions of C. nasturtii female adults were not signiÞcantly affected by the soil type, moisture level, or burial depth, and the interactions between soil type and moisture level or burial depth with one exception for soil type (Table 3) . Some species in the Cecidomyiidae tend to produce families with nearly all siblings being the same sex, such as Cystiphora sonachi (Bermi) (McClay 1996) and Sitodiplosis mosellana (Gé hin) (Smith et al. 2004) . It is possible that C. nasturtii also can produce unisexual broods, although it has not been reported. Based on our results, it may be inferred that soil parameters do not have a signiÞcant impact of the C. nasturtii sex ratio. However, further experiments are needed to rule out the impact of possible unisexual broods on proportions of C. nasturtii female adults emerging from different soils.
We further showed that Ͼ5-cm-deep soil cover signiÞcantly reduced the proportion of adult emergence (Table 4 ) and delayed the time of emergence of C. nasturtii (Table 5) , suggesting proper cultivation practices may effectively control C. nasturtii in the Þeld. Voshedskii and Makhotkin (2002) reported that deep tillage decreased the number of Phorbia fumigata (Meigan) (Diptera: Anthomyiidae) emerging from soil by more than two-fold (from 61.7 to 23.8 ßies/m 2 ), and a superÞcial soil cultivation decreased the number of Calliptamus italicus L. (Orthoptera: Acrididae) by 55Ð 57%. In another study, Haack et al. (2000) found that emergence of an exotic species, Tomicus piniperda L. (Coleoptera: Scolytidae), was signiÞcantly reduced after being buried in different soils (sandy loam and loam), whereas soil types did not affect the emergence patterns. Franzmann et al. (2006) found that soil burial depth could signiÞcantly affect emergence of the sorghum midge, Stenodiplosis sorghicola (Coquillett) (Diptera: Cecidomyiidae). In the case of C. nasturtii larvae, it has been suggested that larvae might leave their spherical cocoons that were constructed under unfavorable conditions, move to the surface, and pupate in oval cocoons as if entering the soil for the Þrst time under favorable conditions (Hornig 1953 , Readshaw 1966 . However, we did not encounter such a phenomenon nor could we Þnd any date showing a pupa successfully changing from a spherical to oval shape in soil.
Soil manipulation has often been reported as a component of integrated pest management. For instance, the hatching rate of brassica pod midge, Dasineura brassicae (Winnertz) (Diptera: Cecidomyiidae), was reduced in a plowing/comb harrowing treatment (Buchs and Katzur 2004) , and soil cultivation during the overwintering period caused up to 50% additional winter mortality of sawßy pupae (Barker and Reynolds 2004) . Based on our results and previous studies, we suggest that soil manipulation practices, such as ßooding Þelds during noncropping periods to achieve 100% soil moisture level and implementing cultivation practices to bury pupae, could be used as an important component to control C. nasturtii in the Þeld. Values are means Ϯ SE. No signiÞcant effect was found based on ANOVA using the GLM procedure (P Ͼ 0.05).
